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Abstract 
The structure and properties of a novel multi-sensor optoelectronic system made for noninvasive monitoring of local 
changes in the arterial blood pulse waveform are presented. The system can cooperate with the transmission as well 
as reflectance sensors enabling the “transillumination” of optically thin and thick tissue layers. Thus, it is possible to 
acquire pulse waveforms from several sensors located in various points of the patient’s body simultaneously. The 
variants of reflectance sensors of various configurations of lighting LEDs sources and receiving photodiodes have 
been designed and tested. They can be attached to practically any body site for monitoring beat-to-beat pulsations as 
well as shapes of the peripheral pulse waveforms, at the same time allowing the noninvasive examination of any 
fragments of the cardiovascular system. Examples of the designed sensors and some selected results of representative 
monitoring are shown. 
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1. Introduction 
Optoelectronic sensors are often used in noninvasive tests of numerous physiological values of living 
organisms [1] [2]. The arterial blood pulse wave is the major component of a photoplethysmographic 
signal (PPG) [1-3]. PPG curves may be acquired with noninvasive sensors consisting of an input light 
source and an output light detector to give an electrical signal that is proportional to the light intensity 
which is transmitted or reflected by examined body sites. In addition to the pulse frequency, the 
significant properties, from the diagnostic usability point of view are: rhythm, amplitude and their 
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occurrence time correlation as well as amplitude fluctuations. The noninvasive optoelectronic sensor 
consisting of an input light source and an output light detector can give an electrical signal that is 
proportional to the light intensity which is transmitted or reflected by examined body sites, representing 
pulsatile changes in their arterial blood volume. For example, the pulsatile signal of the 
photoplethysmogram is utilized by pulse oximetry to monitor noninvasively the arterial blood oxygen 
saturation [3] [6]. The authors’ own previous experience with measurements based on transmission pulse 
oximetry [4] has been utilized in a modified way.  
2. System design 
2.1. Measuring variants of light-tissue interaction 
For the noninvasive PPG signal detection, it is necessary to apply an optoelectronic sensor to perform 
the reflection or the transmission variant of the light-tissue interaction. In the transmission variant, an 
object can be the optically thin layer of tissues located on the body peripheral (Fig. 1a), while in the 
reflection variant some thicker layers located more centrally can be examined (Fig. 1b).  
Any rhythmical or irregular changes in the pulsatile component of the distance between the light 
emitter and detector can cause noticed instantaneous changes in the peak and bottom values of a pulse 
PPG component. The production of the PPG signal is affected both by the optical phenomena consisting 
in selective absorption and scattering of the acting radiation, and by the mechanical phenomena related to 
the movements and deformation of arterial walls. Monitoring of PPG curves connected with a cyclical 
change in blood volume pulsating in capillary vessels of the monitored body site can aid detection and 
control of disturbances in a circulatory rhythm. The shape of the PPG curve largely depends on the blood 
supply extent of the area examined. A new multi-sensor approach to detecting peripheral reflectance PPG 
waveforms is presented. Particular sensor outputs can show the local shapes of a waveform of human 
heart beats. 
2.2. System structure 
The block diagram of the designed novel system is presented in Fig. 2. The system consists of: a set of 
measuring sensors, conditioning systems of the signals acquired, a generator supplying power to the light 
sources in the sensors, and the result recording and display system. The system enables acquisition of 
pulse waveforms from several sensors located in various points of the patient’s body simultaneously. A 
PC desktop with the measurement card with 16 analog inputs and the LabVIEW environment constitutes 
the acquisition, recording and visualization system for the measuring data acquired. It is possible to detect 
optical signals of very low intensity, in the presence of background radiation and noises.  
 
 
           
                 (a)      (b) 
Fig. 1. Two variants of light-tissue interaction to be used in two types of sensors: (a) transmission variant, (b) reflectance variant 
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Fig. 2. (a) Block diagram of the designed system, (b) Examples of the designed models of sensors; the various versions of the 
arrangement of the light emitters and detectors have been tested 
There is a possibility to expand the measuring system for the purpose of its cooperation with sixteen 
sensors. Some variants of sensors were designed and constructed (Fig. 2b). Each sensor is equipped with 
the high-efficient incident light emitter (containing either a single LED or a set of LEDs) and the sensitive 
output light detector (containing either a single photodiode or a set of photodiodes). A single 
electroluminescent diode or a set of electroluminescent diodes driven by constant current, emitting 
radiation of respective wavelengths: 660 nm, 880 nm, 940 nm, alternatively, were used as the illumination 
source in the sensor structure.  
3. Results of experiments 
The empirical tests of the sensors were made to study the influence of such factors as: 1) LED 
wavelength, 2) incident light intensity, 3) distance between light source and light detector, 4) force of 
sensor pressure, and number of light sources and detectors on the PPG signal. 
1) The largest values of the PPG signal components were obtained for red and infra-red LEDs. The 
relatively high level of the signal is for white diodes. Blue and green LEDs give the smallest values of the 
PPG components and there are significant disturbances. 
2) The experimentally determined range of the most effective values of the current supplying of the 
LEDs is the interval from 8 mA to 12 mA. The increase of the optical power value causes the limited 
increase of the variable component and the linear increase of the constant component. 
3) In order to make the more detailed analysis, the special sensor was designed with the use of a single 
photodetector and six light emitters which have been placed in one line (Fig. 1b). The minimum and 
maximum values of a distance between photodetector and light emitter were 0.5 mm and 18 mm, 
respectively. The tests were made on the same biological object at the wavelengths 660 nm, 880 nm and 
940 nm. The useful range of the distance between sensor transmitter and receiver is from 4 mm to 15 mm. 
The distances smaller than 0,5 mm cause the large increase of the constant component of a PPG signal 
while the changes of the variable component are rather small. Enlarging the distance causes the linear 
increase of the variable component without the change of the constant component of this signal. 
4) The force of pressure of the sensor to the object is one of factors influencing on PPG waveforms.  
Large force can disturb the local flow of blood through the tissues. During the tests, a sensor was placed 
on the index finger (Fig. 3a). Using the mass from 50 g do 700 g, the force of pressure was given. The 
comparative tests of the received waveforms of the signal were made. In the range from 50 g to 300 g it 
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was not observed essential differences in the shape of the signal. Perceptible changes in shape and the 
value of the PPG signal occurred for affecting with mass larger than 300 g (Fig. 3b). 
 
 
                         (a)                                                                                                   (b) 
Fig. 3. (a) Testing of effects of the force of pressure influencing on a sensor; (b) the PPG signal obtained for 50 g and 400 g mass, 
respectively  
5) A single LED has been surrounded by a set symmetrically placed photodiodes (Fig. 1b). Enclosing 
next LEDs resulted in the linear growth of the PPG signal variable component. Thus, enlarging the 
number of optical paths contributes efficiently to the increase of this component.  
4. Conclusions 
A new multi-sensor approach to detecting peripheral PPG waveforms is presented. The system may 
cooperate with both reflectance and transmission sensors, so it is possible to distribute numerous sensors 
in various points of human body, each of different blood supply. A sensor is attached to a given site for 
monitoring beat-to-beat pulsation as well as a shape of the peripheral pulse waveform. The shape of the 
PPG curve largely depends on the blood supply extent of the area examined. During the experiments, the 
sensors were put on the head, on the big toe of the foot, and on the hand fingers. In case of objects 
creating an optically thick layer, it is necessary to use reflectance sensors. Particular sensor outputs can 
show the local shapes of a waveform of human heart beats. PPG detecting allows noninvasive pulse wave 
acquisition and the multi-sensor system significantly expands the possibilities of the analysis based on the 
measuring data from several sensors placed in various points of human body. The numerical procedures 
enable the thorough analysis of the pulse wave concerning: the amplitude, time, and time as well as 
amplitude correlations between several signals. Data collected in this way may be useful in search for the 
reasons for the cardiovascular action irregularities. Monitoring of PPG curves connected with a cyclical 
change in blood volume pulsating in capillary vessels of the monitored body site can aid detection and 
control of disturbances in a circulatory rhythm. 
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